A modified version of this motif was found
(eucaryotes). Two major phylogenetic branches (kingdoms) can be distinguished within the domain of Archaea: the coherent kingdom of Crenarchaeota (formerly sulfur-metabolizing thermophiles) and the phenotypically diverse second kingdom of Euryarchaeota, comprising the three orders of methanogens (Balch et al., 1979) : the order Thermococcales , the sulfate reducer Archaeogbbus (Achenbach-Richter et al., 1987), the extreme halophiles, and the genus Thermoplasma (Woese, 1987) .
The genes for stable RNAs from representatives of all phylogenetic groups of Archaea have been cloned and their arrangements and sequences determined. Thus, enough structural data have been accumulated to allow a significant comparison of the molecular organization of tRNA and rRNA genes in bacterial, eucaryotic, and archaeal cells. This comparison will constitute the first part of this chapter.
Although DNA sequences upstream and downstream from numerous rRNA and tRNA genes of Archaea have been established, little was known about the mechanisms and transcription signals regulating the expression of stable RNA genes in Archaea. The major reason for this paucity of information has been the lack of genetic transfer procedures and in vitro transcription systems that would allow testing and refining the predictions inferred from structural studies in functional assays. However, a convincing proposal for two promoter motives of stable RNA genes in Methanococcus has been derived from sequence analyses and transcription mapping experiments (Wich et al., 1986a) . These sequences comprise an ATrich sequence, called box A, located between position -40 to -20 relative to the transcription start site, and a second motif at the transcription start site (box B). Footprinting (nuclease protection) experiments showed that some of these conserved sequences are bound by the purified RNA polymerase from Methanococcus vannielii (Thomm and Wich, 1988) . From these footprinting experiments and from the sequence analyses of RNA genes from methanogens and the thermophile Sulfobbus, the octanucleotide TTTA T/A ATA (TATA box) has been inferred as a general promoter element for stable RNA genes in Archaea ( Thomm and Wich, 1988; Reiter et al., 1988a) .
A modified version of this motif was found at the same location upstream from stable RNA genes of extreme halophiles (Mankin and Kagramanova, 1988 ; Thomm and Wich, 1988) . Further footprinting experiments and sequence analyses supported the conclusion that this sequence also comprises a constituent of the promoters of archaeal protein-encoding genes (Brown et al., 1988; Reiter et al., 1988a; . Although the RNA polymerase of Methanococcus binds to the promoter, all purified RNA polymerases of Archaea are unable to initiate transcription at the correct site in vitro. However, cell-free transcription systems allowing the expression of tRNA genes of Methanococcus , rRNA genes of Sulfolobus shibatae (Hüdepohl et al., 1990) , and a protein-encoding gene of Methanobacterium thermoautotrophicum (Knaub and Klein, 1990) have been described. The Methanococcus and Sulfolobus systems both initiate at the same site in vitro and in vivo. The Methanobacterium system starts transcription at a box B-like sequence 10 nucleotides upstream of the in vivo initiation site. The low efficiency and unusual start site of this in vitro system suggest that it lacks an essential component. The availability of specific transcription systems offers the opportunity to obtain biochemical evidence for the significance of conserved DNA sequences upstream and downstream from archaeal genes.
We summarize here some of our experiments defining the DNA sequences that promote and cause the termination of transcription in Methanococcus vannielii. These and other experiments (Hausner et al., 1991) demonstrate that the TATA box at -25 and a second signal at the transcription initiation site are indispensable for initiation of transcription. Accurate cell-free transcription in Methanococcus and Sulfobbus is mediated by soluble transcription factors Hüdepohl et al., 1990) ; this is reminiscent of eucaryotic transcription systems. The similarities and differences of stable RNA transcription in Archaea, Bacteria, and Eucarya are discussed. Stable RNA genes are highly expressed in vivo, and because only a single type of RNA polymerase appears to be present in archaeal cells, the analysis of transcription in these cells may provide a basis for understanding the mechanism of archaeal transcription in general.
Organization of Stable RNA Genes
Within the Euryarchaeota, ribosomal RNA genes are arranged in the sequence 5'-16S-tRNA Ala -23S-5S-3' (Figure 3.1) . The tRNA gene in the interdstronic spacer between 16S and 23S RNA is missing in all Crenarchaeota investigated so far. According to this feature, organisms that show a thermophilic phenotype, such as Thermococcus and Archaeoglobus, are also clearly linked with their phylogenetic relatives, the methanogens and halophiles (Achenbach-Richter and Woese, 1988 Figure 3 .1, and also following).
In Thermoplasma, the genes for 16S, 23S, and 5S rRNA are physically separated by 1.5 to 7.5 kb (Tu and Zillig, 1982) Desulfurococcus mobilis shares with some lower Eucarya the presence of an intron within the 23S rRNA gene (Kjems and Garrett, 1985) . The splicing process is similar to that of the class III introns of eucaryotic tRNAs. However, in contrast to these introns, which are linear and rapidly degraded after the splicing event, the excised Desulfurococcus intron circularizes in a manner similar to that of self-splicing introns (Kjems and Garrett, 1988) . Because the Desulfurococcus intron is located in a "hot spot" intron site of eucaryotic rRNAs and is spliced by a mechanism similar to that of eucaryotic tRNA introns, both rRNA and tRNA introns of Eucarya may have a common origin in the introns of Archaea.
5S 7S16S
Transfer RNA genes in Archaea are organized in Operons or single genes and may be located within rRNA Operons, in the spacer region between 16S and 23S RNA and as trailers downstream from the 5S gene. This is the typical situation encountered in Bacteria. In Eucarya, tRNA genes are clustered, but neighboring genes are rarely cotranscribed into multimeric precursors. Transfer RNA genes hitherto have not been observed within an rRNA operon in Eucarya. The absence of a tRNA gene in the 16S/23S RNA spacer region of extreme thermophiles has been discussed as an important argument supporting the phylogenetic tree of Lake (1989). According to this proposal, these organisms (called eocytes by Lake) are more closely related to Eucarya than methanogens and halophiles, which cluster together with (eu)bacteria (Lake, 1988 Figure 3 .2 shows the results for methanogens and euryarchaeota excepting halophiles, Figure 3 .3 for halophiles, and Figure 3 .4 for the Crenarchaeota. (A) DNA sequences upstream from archaeal tRNA/rRNA and 7S genes have been aligned to yield maximal homology, with TATA box at -25. This promoter element has been identified by footprinting and cell-free transcription experiments using purified components from Methanococcus (Thomm and Wich, 1988; Thomm et al., 1990; Hausner et al., 1991) . The consensus octanucleotide (methanogens and halophiles) and hexanucleotide (Crenarchaeota) are boxed. Lowercase letters indicate transcription start sites. Euryarchaeota Archaeoglobus, Thermococcus, and Thermoplasma are listed together with methanogens in Figure 3 .2. In Figure 3.3, Pi indicates putative promoter in spacer region between 16S and 23S RNA in Halobacterium salinarium. (B) Conserved nucleotides in -25 region of archaeal promoters. Subscripts indicate base frequency at each position. Consensus derived is shown at bottom. DNA region that has been identified as being most important for cell-free transcription in Methanococcus is boxed (Figure 3 CGAAAAGfmATATAtrCATGAATACrrATGTTTAGmGCTCTCAGTAGGGAGTTAAT GTAAGCAAATAGGACTCATGGTCTAGTTGGCTATGACATCGCCCTTACAAGGCGAG GGTCGCCGGTTCGAATCCGGCTGGGTCCACTATTTTAATTTTGAGCATATGTATC FIGURE 3.5 Genomic sequence of tRNA Val gene of Methanococcus vannielii. This gene was used as template to establish the DNA sequences promoting and terminating initiation of cell-free transcription. Recombinant plasmid shown harbors the wild-type upstream region to position -35; it contains archaeal consensus promoter sequence (Thomm and Wich, 1988; Reiter et al., 1988a) upstream (boxed octanucleotide) and also terminator signal proposed by Wich et al. (1986b) 
